We discuss experimental aspects related to the possible existence of anomalous ZZV couplings (V= Z, γ) in the e + e − → ZZ process. We find that, among several options, the optimal procedure to quantify their presence requires the inclusion of anomalous couplings in a complete four-fermion final-state generator. Various comparisons and checks proof the correctness of our calculations at the percent level.
Introduction
Pair production of Z bosons is one of the new processes to be studied at LEP2. Although it is a process with a rather low cross section (σ ZZ ≈ σ WW /20) and experimentally difficult to observe (large and almost irreducible backgrounds), LEP2 gives the first opportunity to perform a measurement and to look for deviations from the Standard Model (SM). The study of triple-gauge boson couplings is one of the key issues at present and future colliders. No experimental limits exist yet on the possible existence of an anomalous ZZZ coupling.
This report describes the calculations and fitting procedures developed in the search for anomalous couplings. The method is currently being applied in the analysis of e + e − → fff ′f ′ final states by the L3 Collaboration [1] .
2 Standard Model amplitude for the e + e − → ZZ process
The diagrams contributing at first order to the process e + e − → ZZ in the Standard Model are shown in Figure 1 . We will assume a collision in the center-of-mass system with total energy √ s. The following notation is used:
• Electron four-momentum k and helicity σ:
• Positron four-momentum k and helicity σ:
• Z four-momentum q Z and polarization ǫ Z :
• Z four-momentum q Z ′ and polarization ǫ Z ′ :
where the electron is assumed to collide along the +z axis (ê z ), and the Z -with mass M Z -goes along the direction given byq = (sin θ Z cos φ Z , sin θ Z sin φ Z , cos θ Z ). The masses M Z and M Z ′ are not assumed to be equal to the on-shell mass m Z because in the following they will be consider as virtual particles decaying into fermions. The matrix element for the e + e − → ZZ reaction is determined with the same method followed in [2] . It reads:
where the function
σσ is defined for instance in [3] . The left/right effective couplings of fermions to neutral gauge bosons are given by:
where Q f is the charge of the fermion f in units of the charge of the positron, and the electromagnetic coupling constant α(M 2 γ * ) is evaluated at the scale of the virtual photon mass M 2 γ * . I 3 is the third component of the weak isospin (±1/2), sin 2 θ W is the effective value of the square of the sine of the Weinberg angle and G µ is the value of the Fermi coupling constant. The effective couplings to the Z attempt to absorb the relevant electroweak radiative corrections at the scale of the Z. They are obtained by the substitutions:
The experimental signature of a e + e − → ZZ process is a final state with four fermions, due to the unstability of the Z particle. A distinctive feature is that the invariant masses of the two pairs, ff and f ′f ′ , are close to the Z mass m Z . The angular distribution of the decay products keeps information on the average polarization of the Z boson. In addition, the Z decay amplitude needs to be considered for a correct treatment of spin correlations. Assuming that fermion masses are negligible compared to m Z , this amplitude is given by:
where p, p are the four-momenta of fermion and antifermion, respectively, λ, λ their helicities, and the function S(p, ǫ Z , p) is defined in [3] .
3 Anomalous couplings in the e + e − → ZZ process Anomalous couplings arise from interactions of the type shown in Figure 2 . The coupling ZZV , with V = Z or γ, does not exist in the Standard Model at the tree level. Assuming on-shell production of Z bosons, the most general expression for the anomalous vertex function is [2] :
A non-zero value of f V 4 leads to a C-violating,CP-violating process, while terms associated to f V 5 are P-violating, CP-conserving. Using again the formalism followed in [2] we obtain the explicit expressions for the different anomalous contributions:
Note that no (s − m 2 V ) factors are present in the final expressions. Compared to the SM amplitude all anomalous contributions increase with the center-of-mass energy of the collision. We want to bring the attention to the fact that these anomalous ZZγ couplings are different from those considered in the e + e − → Z γ anomalous process [2] . Therefore, not only the anomalous ZZZ couplings, but all four anomalous parameters remain experimentally unconstrained at present.
Anomalous ZZV couplings manifest in three ways:
• A change in the observed total cross section e + e − → ZZ.
• A modification of the angular distribution of the Z.
• A change in the average polarization of the Z bosons. 
Reweighting procedure
Let us consider a set of events generated according to the Standard Model differential cross section. New distributions taking into account the anomalous couplings are obtained when every event is reweighted by the factor:
The weight W ZZ (σ, λ, λ ′ ; P S) depends on the helicities of the initial electron (σ) and of the final fermions (λ,λ ′ ). It also depends on the kinematic variables defining the phase space (P S). For convenience we choose the following set:
• The invariant masses of the ff and f ′f ′ systems:
• The polar and azimuthal angles of the ff system : θ Z , φ Z .
• The polar and azimuthal angles of the fermion f after a Lorentz boost to the rest frame of the ff system: θ f , φ f .
• The polar and azimuthal angles of the fermion f ′ after a Lorentz boost to the rest frame of the
The previous result can be extended to take into account other non-resonant diagrams like e + e − → Zγ * → fff ′f ′ and e + e − → γ * γ * → fff ′f ′ . The final weight is:
where a sum on all intermediate V • ∈ {Z, γ * } is assumed. The propagator factors D V• are defined as follows in terms of the invariant mass of the fermion pair, q 2 :
where the imaginary component takes into account the energy dependence of the Z width around the resonance. The expressions for M Zγ * , M γ * γ * , M γ * ff are obtained by the same method used for M ZZ and M Zff . Explicitly, they can be obtained by substituting Z by γ * where necessary:
Weights according to W VV (σ, λ, λ ′ ; P S) have been implemented in a FORTRAN program. The approach is well suited for events generated with the PYTHIA e + e − → Z/γ * Z/γ * → fff ′f ′ generator [4] . This implementation will be then identified as "PYTHIA approach". Several checks have been done in order to make sure that the calculations are correct. There is also agreement with the results obtained in [5] and in [6] .
After reweighting, distributions according to given values of the anomalous couplings f 
Initial state radiation effects
There are several references providing valuable information on the e + e − → ZZ process. A specific SM generator for e + e − → Z/γ * Z/γ * (γ) → fff ′f ′ (γ) without anomalous couplings exists in PYTHIA [4] . The calculation reported in the previous section is well suited for this MC generator, but initial state radiation effects (ISR) need to be taken into account. We assume that the differential cross section can be expressed as follows:
where σ(s ′ ) is the (undressed) cross section evaluated at a scale s ′ , and σ(s) is the cross section after inclusion of ISR effects. The radiator factor R(s, s ′ ) is a "universal" radiator, that is, independent of specific details of the matrix element. With this assumption ISR effects are accounted for by evaluating the matrix element in the center-of-mass system of the four fermions, at the corresponding scale s ′ . In reference [5] a specific e + e − → ZZ(γ) → fff ′f ′ (γ) generator for anomalous coupling studies is presented. It takes into account ISR effects with the YFS approach [7] up to O(α 2 ) leading-log. It has some limitations, like the absence of conversion diagrams mediated by virtual photons.
The Standard Model cross section (f [5] shows agreement at the percent level with the one determined in [8] . In the latter reference, it is shown that all significant radiation effects come from "universal" radiator factors. This implies that an approach based on equation 20 is justified in terms of the required precision.
Implementation of a EXCALIBUR-like approach
Additional non-resonant diagrams are taken into account in SM programs for general four-fermion production, like EXCALIBUR [9] . Under a reasonable set of kinematic cuts, the relative influence of those diagrams can be reduced, but not totally suppressed. This is due to the low cross section for resonant ZZ production. Typical examples are those involving charged currents (relevant in e + e − → ν e ν e ff, e + e − → uddu, . . . ) or multiperipheral effects in e + e − → e + e − ff. In addition, care must be taken for identical fermions (Fermi correlations in e + e − → ffff). In order to avoid all these problems, anomalous couplings have been implemented in EXCAL-IBUR. All matrix elements from conversion diagrams with two virtual Z particles M EXC ZZ (σ, λ, λ ′ ; P S) are modified in the following way:
where M ZZ , M AC , M Zff and M Z ′ f ′f ′ are the same terms defined in the PYTHIA approach. This method will be referred to as the "EXCALIBUR approach" in the following. More detailed studies are reported in the next section.
Checks of the Implementation
The cross sections for the different four fermion channels taking into account all the Standard Model diagrams (EXCALIBUR) and taking into account only the conversion diagrams are shown in Figure 7 .
These cross sections are computed inside the cuts for signal definition: the invariant masses of the two fermion-antifermion pairs must be in the range 70 GeV-105 GeV; in the final states with electrons, these electrons must verify | cos θ e | < 0.95 and in the final states with WW contributions, the invariant masses of the fermion pairs susceptible to come from W decay must be outside the range 75 GeV-85 GeV. Channels involving electron or electronic neutrino pairs in the final state have a non-negligible contribution coming from non-conversion diagrams. Also final states with fermions from the same isospin doublet ((ℓ, ν ℓ ),(u,d),(c,s)) show a non-negligible charged current contribution. Therefore the full set of diagrams should be taken into account for a correct analysis of the e + e − → ZZ experimental signal.
The second check in the calculation ensures that the results obtained from EXCALIBUR approach using only the conversion diagrams are consistent with the results coming from the PYTHIA approach.The comparison is twofold. First, the Standard Model squared matrix elements are compared. Second, the effects of the anomalous couplings are also compared.
For the Standard Model matrix elements, the comparison can be seen in Figure 8 . The squared matrix element computed using EXCALIBUR and the difference between EXCALIBUR and the PYTHIA-like determination are shown for three type of processes. The first one contains all the channels. The second one contains those diagrams in which there are no correlations between fermions in the final state ("Case 1"). There is perfect agreement between both approaches in this case. The last comparison is devoted to those channels in which correlations between fermions are important, namely, when there are two fermions of the same flavour n the final state ("Case 2"). EXCALIBUR takes into account the effect, whereas no effort has been done to include these correlations in the PYTHIA approach. The discrepancy is seen as a tail in the distribution.
To compare the implementations in the presence of anomalous couplings, the Standard Model distributions are reweighted according to the procedures described in previous sections. The difference between the weights assigned in each calculation is shown in Figures 9-12 . There is again a discrepancy when there are fermion correlations in the final state, but smaller than for the matrix elements. The reason must be found in the fact that the discrepancy factorizes in a similar way both for SM and anomalous coupling terms.
Finally, the last check evaluates the influence of the non-conversion diagrams when anomalous couplings are not zero. The averages of the reweighting factors for EXCALIBUR with only conversion diagrams and EXCALIBUR with all the diagrams are compared in tables 1-4, for the set of cuts defining the ZZ resonant region. The differences are typically below 10%, but can not be neglected. 
Measurement of ZZZ and ZZγ anomalous couplings
To determine the values of the anomalous couplings from the data, the histogram of the most relevant variable for each four-fermion channel may be used. The following binned likelihood function is then maximized:
The expected number of events is computed as: N expected (j; f A collision in the e + e − center-of-mass system is assumed. The angle θ Z is the polar angle of one of the Z bosons. In the upper right the difference in the reweighting factor between the EXCALIBUR-like (EXC 2) and the PYTHIAlike (PYT) approaches is shown. Only conversion diagrams are taking into account. In the lower part, the same difference is shown for the final states without (left) and with (right) fermion correlations in the final state. 
